Whereas specialized frequency-encoding patterns in the human auditory cortex are generally accepted, termed tonotopicity, a similar principle of intensity encoding-amplitopicity-is debated controversially. This functional magnetic resonance imaging study describes the relationship of the activation volume and the spatial distribution of activated clusters under different sound pressure levels (SPL) across the temporal plane including the transverse temporal gyrus (TTG). Nine healthy subjects with no hearing deficiencies were investigated using an echo-planar imaging technique at 1.5 T. A boxcar stimulation paradigm was applied with a 5-Hz pulsed sine tone of 1000 Hz frequency at three SPLs of 70, 82, and 90 dB. Linear cross-correlation analysis (correlation coefficient > 0.3 corresponding to P < 0.08) of the functional data set revealed bilateral BOLD response within the auditory cortex of the nine subjects with moderate increase of activation volume for higher sound pressure levels. With increasing sound pressure a two-dimensional drift of cortical activation was observed (a) from the ventral to the dorsal edge and (b) from lateral to medial parts of TTG. This latero-medial drift therefore mimics the well-accepted principle of tonotopy for frequency-encoding neurons. This study demonstrates the existence of an amplitopic pattern of intensity-encoding neuronal clusters that in part resembles the tonotopic distribution of frequency-encoding neurons. This finding has to be integrated into the understanding of the auditory organization for the interpretation of higher auditory functions such as sound perception or speech. © 2002 Elsevier Science (USA)
INTRODUCTION
Perceiving loudness (amplitude) and pitch (frequency) of a sound source is fundamental for interpreting the natural environment, and even for the processing of noncomplex acoustic signals a complex neuronal network has to be assumed (Binder et al., 1994 (Binder et al., , 2000 Griffiths, 1999; Price, 2000; Ramsey et al., 2001) . Although an understanding of basic neuronal response patterns is of fundamental interest for the interpretation of more complex auditory functions, data with regard to elementary stimulus variables such as intensity and frequency are relatively rare (Belin et al., 1998; Binder et al., 1994; Jä ncke et al., 1998; Strainer et al., 1997) .
With the development of new neuroimaging methods, a better insight into the organization of the auditory cortex was achieved. This was accomplished by measuring the regional cerebral blood flow and glucose metabolism with positron emission tomography (PET) and by surface recording of electroencephalographic (EEG)-and magnetoencephalographic (MEG)-evoked activity. With the use of these methods the term tonotopicity was generated to describe the spatial distribution of frequency-encoding neurons in the auditory field of humans (Cansino et al., 1994; Lauter et al., 1985; Merzenich and Brugge, 1973; Pantev et al., 1995; Romani et al., 1982a,b) . This general concept of a tonotopic gradient across the transverse temporal gyrus (TTG) was later confirmed with functional magnetic resonance imaging (fMRI) where low-frequency-encoded areas were found laterally and high-frequencyencoded areas were found medially (Bilecen et al., 1998a; Wessinger et al., 1997) .
A topographic principle of intensity encoding-an amplitopicity-is still subject to much debate (Huotilainen et al., 1992; Pantev et al., 1989) . Basic reports came from microelectrode-mapping studies in cats reporting intensity-dependent changes in the number and in the spatial distribution of the discharging neurons' activation pattern (Heil et al., 1994; Phillips et al., 1994) . A patch of activity along the isofrequency lines was observed for lower sound pressure levels (SPLs) (Ͻ40 dB SPL). For higher sound pressure levels (40 -80 dB SPL), the excitation seen along an isofrequency line for low SPL tones was often lost and was replaced by activity distributed along and outside the isofrequency lines with a spreading across the tonotopic axis.
Recent MEG studies indicate that an amplitopic gradient that is perpendicular to the tonotopic gradient may be represented in the auditory cortex. A mediolateral gradient for higher intensities was described (Pantev et al., 1989) but was not confirmed by other MEG studies (Huotilainen et al., 1992) .
To obtain more detailed information about the amplitopic response pattern, functional magnetic resonance imaging was the neuroimaging method chosen. The reason for the use of this technique is the close relation of cortical activation and anatomy in individuals and its higher spatial resolution than any other noninvasive technique. fMRI is based on the blood oxygenation level-dependent (BOLD) signal change produced by the different magnetic properties of oxyand deoxyhemoglobin. Focal hyperperfusion due to neuronal activation induces an overproportional increase of oxyhemoglobin predominantly at the side of venous capillaries and venoules (Villringer and Dirnagl, 1995) . The relative increase of the diamagnetic oxyhemoglobin concentration results in a signal increase in T* 2 -weighted images due to a decrease in intravoxel spin dephasing (Binder et al., 1994; Ogawa et al., 1990) .
Although fMRI is only an indirect method for the visualization of brain activity, several studies have shown that its in-plane resolution is sufficient to differentiate between neighboring activated areas to a degree which is superior to the achievable spatial resolution of PET or other functional imaging techniques such as EEG or MEG.
The purpose of this fMRI study was to map the spatial distribution of intensity-coding areas across the TTG (Heschl's gyrus) to answer the question about the existence of amplitopicity in the human brain. For acoustic stimulation a pulsed sine tone under three distinct SPLs was applied to produce spatially resolvable differences in activation. To reduce the masking effect of the scanner noise a slow acquisition technique was used for the block-design paradigm.
METHODS

Subjects
Nine healthy right-handed volunteers (five males, four females) aged between 25 and 40 years with no history of neurological or audiological deficits participated in this study. Prior to imaging normal auditory thresholds were confirmed in all subjects. Each volunteer was instructed to listen carefully to the presented sine tones and to keep the eyes closed during imaging. Then the subject was positioned in the magnet. In accordance with institutional standards, all subjects gave written informed consent.
MR Imaging
All functional and anatomical scanning was performed on a 1.5 T Magnetom Sonata (Siemens, Erlangen) using a standard circular polarized head coil for signal detection. High-resolution T 1 -weighted anatomical reference images covering the entire brain (voxel size ϭ 1 ϫ 1 ϫ 1 mm 3 , TR ϭ 1 s, TE ϭ 11.1 ms) were acquired using a magnetization-prepared rapid-acquisition gradient echo (MP-Rage) sequence.
All functional data sets were obtained by a singleshot gradient echo planar imaging (EPI) technique. To distinguish between the BOLD response from acoustic stimulation and the scanner noise, short acquisition times of 1.8 s (TE ϭ 70 ms) and long interscan intervals of 10.2 s (TR ϭ 12 s) were employed. This acquisition mode ensures identical background noise levels during stimulation and rest periods and prevents the interference of BOLD effects arising from presented sine tones and ambient scanner noise (Scheffler et al., 1998; Bilecen et al., 1998b ). An in-plane resolution of 1.7 ϫ 1.7 mm and a slice thickness of 5 mm were used. Each scan consisted of a slab of 10 EPI slices positioned parallel to the superior temporal gyrus with the 5th slice running through the Sylvian fissure. The dimensions of the slab enclosed the area of the primary and secondary auditory cortex.
A boxcar paradigm with three alternating ON and OFF periods was applied. In each period five images were acquired, resulting in a total of 30 functional scans per run. For each SPL value, one functional run lasting 6 min was performed.
Auditory Stimulation
The acoustic stimulus consisted of a 1000-Hz sine tone and was presented in a pulsed mode with a pulse rate of 5 Hz and pulse length of 110 ms. This digitally generated sine tone was applied binaurally by a piezoelectric headphone system (Commander XG headphones). In addition, these headphones help to reduce the external scanner noise by ϳ20 dB SPL. The boxcar paradigm was repeated three times with one of three sound pressure levels (70, 82, or 90 dB) in the stimulation periods. The SPL values were validated directly at the entrance of the external auditory channel using a sound level meter RO-1350 (Fattore, Finland) . The different intensities were applied in randomized order across the nine subjects.
Data Analysis
Functional analysis using the statistical parametric mapping software BrainVoyager (Brain Innovation B.V., R. Goebel, Maastricht, Netherlands) was performed. After three-dimensional (3D) motion correction of all data sets, Gaussian filtering was applied in the spatial domain using a smoothing kernel of 4 mm FWHM. For each subject, the functional EPI images were coregistered to the corresponding intrasession 3D anatomical MP-Rage images. The resulting realigned functional data sets were then transformed into the stereotactic 3D Talairach space (Talairach and Tournoux, 1988 ) through interpolation to a resolution of 1 ϫ 1 ϫ 1 mm 3 . The functional data sets were analyzed in two steps.
Individual analysis. In the first stage of analysis, 3D activation maps were calculated for each subject by means of correlation analysis using a boxcar-design reference function. Voxels with a correlation coefficient (cc) larger than 0.3 (P Ͻ 0.08) were considered to be activated. Clusters containing more than 200 activated voxels were defined as volumes of interest (VOI). 3D statistical maps showing these VOIs were superimposed on the anatomical Talairach-transformed data. Proportional signal changes were obtained from the VOIs for each SPL and averaged over all subjects.
For the quantification of the activated volume, a voxel count (vc) analysis of all statistically significant voxels was performed. Because of the interindividual response differences, activated voxels for each intensity level were normalized to the average of voxels of all three SPL values (vc norm ) for each subject. The voxel count asymmetry index (vcAI) between the left and the right hemisphere was defined by
with the number of activated voxels for the left (v left ) and right (v right ) hemisphere of each subject and SPL value.
In accordance with this definition a BOLD signal change asymmetry index (BOLD-AI) between both hemispheres was calculated from
A VOI analysis was performed comparing the BOLD signal changes of the three functional measurements (e.g., SPLs) in the activation area (VOI) obtained for each SPL value. Group analysis. In the second step, a statistical group analysis applying a multiple regression analysis was performed (Friston et al., 1995) . This multiplesubject general linear model (GLM) was computed using one explanatory variable for each sound intensity. For the different SPL values, GLM overlay maps with a multiple regression value (R) Ͼ 0.25 (P Ͻ 0.005) and a minimal cluster size of 200 voxels were generated. The centers of activation of the GLM VOIs obtained for the different intensity levels were determined in spatial Talairach coordinates.
RESULTS
Activation Volume and BOLD Signal Change
All nine subjects revealed activated areas within the primary and secondary auditory cortex. Aside from the activated area of TTG, activation was found in the anterior and posterior supratemporal planes, in the Note. Cortical response due to binaural sine tone stimulation with sound pressure levels of 70, 82, and 90 dB. vc norm , normalized voxel count; vcAI, voxel count asymmetry index; BOLD-AI, BOLD asymmetry index.
FIG. 1.
Bilateral voxel count (vc) analysis within the auditory cortex was performed for each of the nine subjects after binaural sine tone presentation. Voxels with a correlation coefficient (cc) Ͼ 0.3 were defined as activated areas. To equilibrate interindividual response difference, activated voxels were referenced to the average of activated voxels of all three SPL experiments (vc norm ). (a) The mean and standard deviation of vc for each SPL value (n ϭ 9; yellow, 70 dB SPL; green, 82 dB SPL; red, 90 dB SPL). (b) The mean voxel count asymmetry index (vcAI) and the corresponding standard deviation between left and right hemispheres. The activation of the auditory cortex is slightly lateralized to the left hemisphere.
FIG. 2.
Group activation map (n ϭ 9) superimposed on a corresponding Talairach normalized axial (z ϭ 18 Ϫ Ϫ2) and sagittal (x ϭ 32 Ϫ 56) anatomical cross section. The 70 dB SPL activated areas are marked by yellow and the 90 dB SPL by red, whereas the overlap areas of activation are marked in blue. For illustrative clarity, the 82 dB activated areas are not demonstrated in this GLM map. The locations of the slices in the z and x directions are indicated above each slice. Focusing on the axial images (top two rows), the 90 dB activated areas are located predominantly in dorso-medial parts of TTG, whereas the 70 dB activated areas are located more fronto-laterally. The sagittal images (bottom two rows) are slightly rotated through the coronal plane to achieve an orthogonal cross section of TTG. The activation displays a dorso-ventral shift when the stimulus intensity decreases from 90 to 70 dB SPL. planum polare, in the superior temporal gyrus, in the superior temporal sulcus, and in the inferior frontal gyrus. The number of normalized voxel counts (vc norm ) in the auditory cortex averaged over all subjects (n ϭ 9) and the corresponding standard deviations (SD) are shown for each SPL condition in Fig. 1a .
The mean asymmetry index and SD of activated voxels (vcAI) was 0.08 Ϯ 0.23 for 70 dB SPL, 0.11 Ϯ 0.28 for 82 dB SPL, and 0.02 Ϯ 0.11 for 90 dB SPL, indicating a moderate, but statistically not significant, lateralization of the activation to the left hemisphere (Fig. 1b) . The values of vc norm and the vcAIs are listed in Table 1 . Focusing on the BOLD intensities, the percentage of BOLD signal was averaged over all subjects (n ϭ 9) and both hemispheres. In respect to baseline, an average BOLD signal increase of 2.75% Ϯ 0.34% was determined for 70 dB SPL, 2.77% Ϯ 0.42% for 82 dB SPL, and 2.71% Ϯ 0.28% for 90 dB SPL. The asymmetry index for the BOLD signal change between the hemispheres was balanced and is listed in Table 1 .
Spatial Distribution of Intensity-Dependent Activation
Axial and sagittal cross sections of the functional GLM overlay map obtained from the averaged functional data (n ϭ 9) are shown in Fig. 2 . The sagittal image through the right hemisphere was slightly rotated perpendicular to the axial plane to obtain an undistorted orthograde cut-through representation of TTG. The axial image represents a parallel view along the temporal plane. For clarification, only the 70 dB SPL and the 90 dB SPL activated areas are shown, whereas the overlap region between both intensityencoding areas is hued in blue. The 82 dB SPL activated area is presented quantitatively by its Talairach coordinates in Table 2 .
The axial cross sections of the GLM map show a drift of activation across the TTG with increase of stimulus intensity. The 90 dB SPL activated area thereby occupies the most medial part of TTG on both sides, reaching the parietal operculum and posterior parts of the insular region. This drift of intensity-dependent activation is accompanied by an increase of center of activation coordinates in the x direction with x(70 dB) ϭ Ϫ49 mm, x(82 dB) ϭ Ϫ47 mm, and x(90 dB) ϭ Ϫ45 mm.
The sagittal view of the right hemisphere reveals the cortical response of the 70 dB SPL stimulus in more ventral parts of TTG than the 90 dB SPL area. This ventro-dorsal shift across the TTG for higher SPL values is quantitatively underlined by the decreasing center of activation coordinates in the y direction with y(70 dB) ϭ Ϫ19 mm, y(82 dB) ϭ Ϫ22 mm, and y(90 dB) ϭ Ϫ24 mm. The x and z Talairach coordinates are shown in Table 2 . The centers of activation of all three stimulus intensities are depicted in Fig. 3 . The color-coded circles are overlaid on a representative anatomical stereotactic Talairach transformed image. The x, y, and z coordinates in Talairach space are summarized in Table 2.
The result of the VOI time course analysis of the activated clusters determined from the individual functional maps is displayed in Fig. 4 and the corresponding values are listed in Table 3 . For each subject the activated areas obtained from the different SPL experiments were used to define three VOIs, which were comparable in size. The BOLD signal change in these VOIs was calculated from the voxel time courses of each of the three functional data sets and averaged over all subjects. As expected, the highest BOLD signal change is obtained from the functional data of the corresponding SPL data set. A distinct loss in BOLD response is found in the neighboring VOIs obtained from the other two intensities. For example, the 90 dB SPL study reveals an average BOLD effect of 2.75% Ϯ 0.34% in the corresponding 90 dB SPL VOI, whereas the BOLD signal change in the 90 dB SPL VOI is 1.72% Ϯ 0.75% for the 82 dB SPL data set and 1.67% Ϯ 0.50% for the 70 dB data set. Similar effects are seen for the 80 dB SPL and 70 dB SPL VOI analyses, and their values are summarized in Table 3 . This phenomenon strongly indicates an intensity-dependent drift in the location of the activation center.
A detailed insight in the right temporal plane of a folded cortex for a single subject is shown in Fig. 5 . Yellow and red hue are used for coding the 70 and 90 db SPL activated areas, respectively, whereas green hue is used for coding the 82 dB SPL area. For clarification, activated neighboring areas in the associated auditory field are not shown. The 90 dB activated area is found in the depth of the Sylvian fissure and is predominant in the most medial part of TTG with its center of activation at x ϭ 39, y ϭ Ϫ29, z ϭ 15. The 70 dB area is found at the lateral part of TTG with x ϭ 47, y ϭ Ϫ11, z ϭ 6. The activated 82 dB SPL area is located in between with center of activation coordinates of x ϭ 40, y ϭ Ϫ17, z ϭ 9.
DISCUSSION
This fMRI study focused on the influence of intensity of pure sine tones with regard to (a) the extent of activation volume in the auditory cortex and (b) the spatial distribution of activation on the TTG. To reduce the influence of the masking scanner noise, a blocked sampling method with a long repetition time of 12 s was used. This interval allows the recovery of the BOLD signal change induced by the scanner noise, which is in the range of 5-8 s (Janz et al., 2000) . Another advantage of long repetition times is the reduced signal change associated with inflow effects in draining veins.
Volume of Activation
During the binaural presentation of pulsed sine tones we observed a robust activation of the TTG and the surrounding temporal surface of the auditory cortex. The rise of SPL was accompanied by a bilateral increase of spatial extension of approximately 30%. This correlation confirms a recent fMRI study in its major findings (Jä ncke et al., 1998) . Interestingly, although comparable SPL values were used, these authors reported a more pronounced increase in the resulting activation volume of approximately 50%. This difference may be explained by the more sophisticated presentation modus that they used. In their study, different sine tones ranging from 200 to 2000 Hz were applied randomly during the stimulation period, which represents a more complex sine tone stimulation since different frequency-sensitive neurons are activated along the tonotopic axis. Therefore, it can be assumed that an increase of SPL is accompanied by an increasing activation volume of each type of frequency-specific neurons, resulting in more pronounced growth in activation volume than in our study, where only a single frequency was presented. A recently published study shows that the activated volume clearly depends on the complexity of the applied acoustic stimulus (Hall et al., 2001) .
Another reason for the moderate discrepancy might be the slow pulse rate of the sine tones of only 1 Hz, which represents a weaker stimulus than the 5-Hz pulsed sine tones used in our study. It is known from other fMRI studies that the activation volume depends on the pulse rate; i.e., it increases with higher pulse rates (Binder et al., 1994) . The additional increase of activation volume due to growing SPL values might thus be more confined for 5-Hz pulsed sine tones than for 1-Hz pulsed sine tones. In full agreement with our results, the observed BOLD signal change in the activated areas was not significantly influenced by the different stimulus intensities.
The SPL dependence of the activation volume might be explained by the results obtained from microelectrode studies in cats. These elementary electrophysiological findings describe the correlation between the stepwise increment of SPL values and its increase in number and extension of the activated patches (Heil et al., 1994) . It may be hypothesized that this mechanism is reflected by the increase of activation volume determined from our fMRI data. Although an in-plane resolution of 1.7 ϫ 1.7 mm was employed in our study, a visualization of small patches with a size of Ͻ2 mm is very doubtful. From those electrophysiological data, it can be assumed that the activated areas identified in our fMRI study correspond rather to the sum of activated small scattered patches than to a homogenous activated cortical field.
Interestingly, for SPLs larger than 60 dB, saturation of the number of activated neurons was observed, where no higher stimulus level activated more than 40% of the neurons (Heil et al., 1994) . It can be assumed that this is reflected in the constant BOLD signal increase of approximately 2.7% for all three SPL levels. But it also has to be taken into account that this value corresponds to the maximum BOLD signal change to be expected at 1.5 T (Janz et al., 2000) .
Spatial Distribution
The most intriguing finding of this fMRI study is the influence of stimulus intensity on the location of the activated areas. Although there was an overlap between the different intensity-coding areas, a two-dimensional drift of the center of activation along TTG was observed: With an increase of SPL values, the activated areas drifted from the ventral to the more dorsal part and from the lateral to the more medial part of TTG. This topographic representation of intensity-coding areas suggests an amplitopic organization of the human auditory cortex.
An amplitopic principle was suggested from basic electrophysiological mapping studies of the primary auditory cortex (AI) of cats performed at low and moderate SPL values. Although these electrophysiological results cannot be directly transferred to fMRI data, there is some agreement concerning the spatial distribution of intensity-coding areas. In general, two different response patterns were described depending on the applied SPL value of sine tones. An increase from low (10 -20 dB SPL) to moderate (40 -60 dB SPL) intensities resulted in a shift of activated patches along the isofrequency contour, indicating a one-dimensional drift. For higher intensities (80 dB SPL) a wide spread of active patches across AI was additionally observed with a bidirectional expansion orthogonal to the isofrequency contour across the tonotopic axis (Phillips et Note. Talairach-based coordinates (x, y, z) of the center of activation referring to voxels with a correlation coefficient Ͼ0.25 (P Ͻ 0.005) and cluster sizes Ͼ200 voxels obtained for stimulation with sine tones of 70, 82, or 90 dB SPL. The x, y, and z coordinates correspond to the distances from anterior commissure in millimeters, TTG, transverse temporal gyrus; SPL, sound pressure level; R, right; L, left. al., 1994) . The overall effect can be described as a two-dimensional drift of activation within cat's AI area. As a consequence, low-and high-intensity tones of the same frequency are represented in different locations of AI as judged by the amount of evoked neuronal activity and are largely independent of the frequency organization (Schreiner et al., 1992) .
In comparison to our fMRI data that refer exclusively to higher SPL stimuli, similarities with those electrophysiological findings exist. As discussed above, an increase of expansion along the tonotopic axis of TTG corresponds to the increase of activation volume observed in this fMRI study. In addition, our fMRI data give strong evidence for a two-dimensional nonepicentric spreading in ventro-lateral and latero-medial directions for higher SPL values. This implies a topographically ordered response pattern of intensityencoding neurons along the TTG. This spreading is directed and is therefore nonepicentric, a property not described in the electrophysiological studies.
To explain this incongruence, several factors have to be taken into account. First of all, electrophysiological recordings in cats are obtained in the middle cortical layers of AI, yielding no information about the properties of neighboring layers (Heil et al., 1994) . This submillimeter extension is quite different from the achievable resolution of functional MR images. Therefore, BOLD signal changes describe rather the entire neuronal response pattern of all active cortical layers within the volume of interest.
Second, microelectrode-mapping methods were restricted to small observation areas of approximately 5 ϫ 5 mm, which corresponds to a linear extension of only two to three pixels in a functional image. Therefore, the visualization of an overall drift of activation within the auditory cortex was beyond the capability of this mapping method (Heil et al., 1994; Phillips et al., 1994; Schreiner et al., 1992) .
In a previously published fMRI study the amplitopic activation pattern was not noted, although comparable sound pressure levels were employed (Jä ncke et al., 1998) . Most likely, this is due to the use of different frequencies during one stimulation period. With this Note. Volume of interest (VOI) analysis of the BOLD signal change (mean Ϯ SD) in the 70, 82, and 90 dB activated areas within the 70, 82, and 90 dB SPL data sets averaged over all subjects (n ϭ 9) and both hemispheres. For further details see text.
FIG. 3.
Only clusters containing more than 200 activated voxels were considered for center of activation analysis. The center of activation of each stimulus intensity condition displays a string of beads appearance in the order of 90, 82, and 70 dB from medial to lateral and from dorsal to ventral across the transverse temporal gyrus. The underlying anatomical image reflects the axial position in Talairach space with z ϭ 10. The center of activation values are listed in Table 1 .  FIG. 4 . BOLD signal change observed in the three intensityencoding areas (70, 82, and 90 dB VOI) in the three functional data sets. The highest BOLD signal change of the activated area is found within the corresponding functional data set, whereas a decreased BOLD response is found in the noncorresponding functional data sets. For example, the highest BOLD signal change of the 90 dB SPL stimulus is found in the 90 dB area, whereas a reduced BOLD effect is detected in the 82 dB or 70 dB data set when the 90 dB area is used for VOI analysis. For detailed information see text.
FIG. 5. For illustrative purposes, the view of a 3D-reconstructed surface of the right lateral hemisphere and its overlaid functional map is shown for subject 3. For simplification, functional overlap regions are omitted and only activated areas occupying TTG or adjacent areas are displayed. The 90 dB SPL activated area (red) is centered at the most medial parts of TTG, the 70 dB SPL activated area (yellow) is found most laterally of TTG, and the 82 dB SPL area is located in between. presentation mode, the effect of frequency (tonotopicity) and intensity (amplitopicity) on cortical processing is mixed and therefore accompanied by a loss of specificity in spatial allocation. This effect is presumably amplified by the interaction of activation of adjacent areas leading to an overproportional increase of cortical activation, a phenomenon well known for complex sound and speech presentation.
The presented fMRI findings cannot be explained by the fact that the cochlear excitation pattern spreads in apical and basal directions with increasing intensity, so that auditory nerve fibers with higher and lower characteristic frequencies are recruited into the active population. If this were true, an epicentric spreading along the TTG rather than a nonepicentric spreading has to be expected at the cortical level. This behavior therefore confirms the existence of an amplitopic organization. In line with fMRI studies identifying the spatial distribution obtained with stimuli of different frequencies but identical intensity (tonotopic organization), the same technique was applied to reveal an organization for stimuli of different intensities but identical frequency (amplitopic organization).
The striking similarity of the latero-medial gradient in amplitopicity and tonotopicity suggests a comparable strategy in the neuronal processing of fundamental acoustic parameters. Furthermore, this may indicate an interaction between amplitude and frequency to manage the perception and interpretation of complex sounds (Griffiths, 1999) . This hypothesis is underlined by early psychoacoustic studies where sound intensity was found to interact with the perception of pitch (Stevens, 1935) . The data presented here demonstrate for the first time an intensity-related spatial representation in the human auditory cortex.
